ogy, GRP94 is included as a member of the hsp90 fam-GRP94 is a resident glycoprotein of the endoplasmic ily of stress proteins (1, 3, 4, 9) . Analysis of the cDNAreticulum (ER) and a member of the hsp90 family of derived sequence indicates that the protein is synthemolecular chaperones. Current experimental evidence sized with an amino-terminal signal sequence and indicates that GRP94 functions in an as yet undefined a C-terminal KDEL motif, characteristics which supmanner in protein folding and assembly in the ER. We port localization of the protein to the lumen of the report a rapid, high-yield GRP94 purification proce-ER (10,11). The cDNA sequence also predicts, however, dure that yields milligram quantities of homogeneous a potential transmembrane domain, and experimental protein suitable for structural and biochemical analy-evidence suggesting that GRP94 exists in both a transses. Beginning with a rough microsome fraction de-membrane and a lumenal form has been provided rived from porcine pancreas, GRP94 was isolated by (12) (13)(14).
purification protocol for GRP94. Analysis of the puri-and washed with the same buffer until the absorbance returned to baseline. The lumenal proteins were eluted fied native protein has allowed several conclusions on its structure and cellular localization. On native and with a 100-ml linear gradient of 50 to 750 mM NaCl, in 25 mM Tris-Cl, pH 7.8, 0.01% Nikkol at a flow rate SDS-PAGE gels, multiple species of GRP94 have been identified and demonstrated to reflect heterogeneity in of 4 ml/min. Fractions were analyzed on 10% gels and the GRP94 peak fractions were identified and pooled. N-linked glycosylation states. The observed mobility on native gels is consistent with reports that GRP94 exists Further purification of GRP94 was accomplished by gel filtration chromatography on a Superdex 26/60 colas a dimeric protein (24) (25) (26) . The behavior of GRP94 on two-dimensional nonreducing/reducing PAGE indi-umn equilibrated in 110 mM KOAc, 20 mM NaCl, 25 mM K-Hepes, pH 7.2, 2 mM Mg(OAc) 2 , and 0.1 mM cates that dimerization occurs through noncovalent protein-protein interactions. An analysis of the mem-CaCl 2 . The pooled MonoQ fraction was injected and run at a flow rate of 2 ml/min, collecting 4-ml fractions. brane localization of GRP94 in rough microsomes was performed with alkali and detergent extraction proce-The GRP94 fractions were pooled and concentrated in a Centiprep-30 (Amicon Inc., Beverly, MA) according dures. By comparison with the resident ER integral membrane protein TRAPa, it was observed that GRP94 to the manufacturer's instructions. The concentrated protein was divided into aliquots and stored at 080ЊC. is a soluble component of the ER lumen.
Alkali and detergent extraction of GRP94. Fifteen
MATERIALS AND METHODS
microliters of RM was diluted to 150 ml in one of the following buffers and incubated on ice for 30 min: 100 Materials. Chemicals were of analytical grade and mM K-Bicine, pH 7.5; 100 mM Na 2 CO 3 , pH 11. pellet fractions were collected and processed for SDSMembrane preparation and extraction of lumenal PAGE as described in Nicchitta and Blobel (28). The contents. Porcine pancreas rough microsomes (RM) samples were run on 10% gels and transferred to nitrowere prepared by the method of Walter and Blobel (27) . cellulose for subsequent immunoblot analysis. Peripheral membrane proteins were removed by a EndoH digestion of GRP94. Purified GRP94 (1.5 high-salt washing procedure. RM at a concentration of mg), in a final volume of 40 ml, was incubated at 37ЊC 50 A 280 U/ml were diluted 1:10 into a buffer containing for 2.5 h in a buffer consisting of 110 mM KOAc, 25 mM 0.55 M KOAc, 2.2 mM EDTA, 1 mM DTT, and 0.5 mM MES pH 6.0, in the presence or absence of 5 munits of PMSF and incubated for 30 min on ice. Washed RM EndoH. The samples were processed for SDS-PAGE (RMek) were subsequently collected by centrifugation and analyzed in triplicate on 7.5% gels. One set of sam-(4ЊC, 1 h) through a cushion of 0.5 M sucrose, 25 mM ples was stained with Coomassie blue and the re-K-Hepes, pH 7.2, 1 mM DTT at 45,000 rpm in a Beckmaining samples were transferred to nitrocellulose for man Ti50.2 rotor. The RMek were resuspended to the immunoblot analysis. original volume in a buffer consisting of 50 mM KOAc,
Immunoblotting. Nitrocellulose membranes were 50 mM K-Hepes, pH 7.2, 5 mM Mg(OAc) 2 , and 0.5 mM blocked for 2 h at RT in 3% BSA, PBS, 1% Triton X-PMSF by Dounce homogenization. The membrane sus-100, 0.2% SDS. Subsequent incubations were done in pension was then permeabilized by dropwise addition, 1% BSA, PBS, 0.1% Triton X-100, 0.02% SDS. For with stirring, of the nonionic detergent Nikkol (C 12 E 8 )
GRP94 detection, a rat monoclonal antibody (9G10) to a final concentration of 0.25%. After a 30-min incubawas used at a dilution of 1:4000 for 1 h at RT. A 5-min tion, the permeabilized membranes were separated wash was followed by a 30-min incubation with a 1:500 from the released lumenal contents by centrifugation dilution of rabbit anti-rat IgG (Bio-Rad, Hercules, CA). through a 0.5 M sucrose cushion as described above.
After three additional 5-min washes, the membrane The supernatant plus the top 2-3 ml of the cushion was incubated with goat anti-rabbit HRP (Bio-Rad, was collected and filtered through a 0.2-mm cellulose Hercules, CA) at a dilution of 1:1000. After 3 1 20 acetate filter. minute washes, detection was performed by ECL. Chromatography. The filtered lumenal protein fraction was injected onto a Pharmacia MonoQ HR 10/ Detection of glycoproteins by Con A-HRP. GRP94 samples were prepared for SDS-PAGE, separated on 10 column equilibrated in 50 mM NaCl, 25 mM TrisCl, pH 7.8, 0.01% Nikkol at a flow rate of 1 ml/min 7.5% gels, and transferred to nitrocellulose mem-branes. A buffer of 0.5 M NaCl, 25 mM Tris-Cl, pH 7.5, 2.5 mM Mg(OAc) 2 , 1 mM CaCl 2 , 0.5% Tween-20 was used for all incubations. The membrane was blocked for 2 h at RT and then incubated with a 1:4000 dilution of Con A-HRP for 3 h (Sigma Chemicals). After three 20-min washes, glycosylated bands were detected using ECL.
Native gel electrophoresis. A 5-10% nondenaturing gradient gel was made as described in the Electrophoresis Applications Guide from Hoefer Scientific Instruments (San Francisco, CA). Sample volume was adjusted to 40 ml with 5% sucrose, 0.01% bromophenol blue and samples were run at 100 V for 20 h at 4ЊC. Ten micrograms of purified GRP94 was analyzed by comparison to standards. The native molecular weight standards included thyroglobulin (660 kDa at 55ЊC. Two 1-mg samples of purified GRP94 were pre-GRP94,100 kDa; BiP, 78 kDa; ERp72, 72 kDa; calreticulin, 55 kDa; pared, one of which included 50 mM DTT in the sample and PDI, 50 kDa. buffer. Five micrograms of high-molecular-weight standards and IgG were included as controls. Samples were loaded on 7.5% gels cast in capillary tubes and run at data presented in Fig. 1 , lane 1, in which a Coomassie 200 V in the Mini-Protean II 2-D Cell (Bio-Rad). The tube blue-stained protein profile of the RM fraction is degels were extracted, incubated in 0.5 M Tris, 5% SDS, 0.1 picted. It is important to note that unlike a crude mem-M DTT for 15 min at 55ЊC, overlaid on 7.5% preparative brane preparation, the isolated rough microsome fracslab gels, and run in the second dimension. Proteins were tion is essentially free of other membranes and therevisualized by Coomassie blue staining.
fore represents a substantial enrichment of ER Miscellaneous. Protein quantitation was done with localized proteins. From this protein profile it is also the BCA assay reagents (Pierce, Rockford, IL) using evident that GRP94 is an abundant ER protein. Since BSA as a standard. With the exception of the native an enzymatic activity for GRP94 has not yet been idengel previously described, all gels were prepared ac-tified, the purification was monitored on a protein basis cording to the method of Laemmli (29).
( Table 1) . Once a microsome fraction has been prepared, two simple, effective steps were employed to obtain a highly
RESULTS AND DISCUSSION
enriched lumenal protein pool. First, the RM were washed in a high-salt/EDTA buffer (RMek) to remove Purification peripheral membrane proteins (Fig. 1, lane 2) . The lumenal contents were then selectively released from the The starting material for the described purification of GRP94 is a highly enriched rough endoplasmic retic-RMek by partial detergent extraction. In the presence of low (50 mM) salt concentrations, nonionic detergents ulum (RER) fraction derived from porcine or canine pancreas. GRP94 is estimated to be present in the RER are quite inefficient at solublizing RM integral membrane proteins (32). Under these same conditions, howat concentrations exceeding 10 mg/ml (30) . In addition, in secretory cells, such as the pancreatic acinar cell, ever, the membranes are permeabilized and the lumenal contents released. As shown in Fig. 1, lane 4 , the the RER can constitute as much as 70-80% of the total membrane surface area (31). The high specific enrich-lumenal contents consist primarily of five proteins, GRP94, BiP, ERp72, calreticulin, and protein disulfide ment of GRP94 in the pancreatic RM fraction, combined with the ease of preparation and substantial isomerase (PDI), which are absent in the depleted membrane fraction (Fig.1, lane 3) . Densitometric analyield of RM from isolated pancreas, greatly simplifies the purification. This conclusion is supported by the ysis of a Coomassie blue-stained lumenal protein frac- The RER-derived lumenal protein pool was further fractionated by MonoQ anion exchange chromatogra-Molecular Characterization phy and elution with a 100-ml linear gradient of 50 to
Reports concerning the membrane localization of 750 mM NaCl (Fig. 2A) . The protein composition of the GRP94 have concluded that the protein exists either MonoQ fractions was analyzed by SDS-PAGE and illustrates a very effective separation of lumenal proteins (Fig. 2B) . Arrows indicate the peaks for GRP94 (fractions 32-34), BiP (fractions 20-24), PDI (fractions 23-24), ERp72 (fractions 28-30), and calreticulin (fractions 31-32). Being a highly acidic protein with a pI of 4.7, GRP94 elutes off the MonoQ column in the range 425 to 485 mM NaCl. The peak fractions from the MonoQ column were pooled and, as shown in Fig.  1 , lane 5, are nearly 80% pure.
Gel filtration was next performed to separate GRP94 from the predominant contaminant, calreticulin, which has an approximate native molecular weight of 55 kDa (33) . The MonoQ pool was injected onto a Superdex 26/ 60 prep column equilibrated in 110 mM KOAc, 50 mM NaCl, 25 mM K-Hepes, pH 7.2, 2 mM Mg(OAc) 2 , 0.1 mM CaCl 2 . GRP94 eluted in a peak clearly separated from calreticulin (data not shown), the fractions of which were pooled and concentrated. As can be seen in Fig. 1, lane 6 , the protein is essentially homogeneous following the gel filtration step. The final yield and summary of the purification are presented in Table 1 . Over 3 mg of homogeneous protein was isolated from 25 g of starting material, representing approximately a 10-to 150-fold improvement relative to yields from protocols using cultured cells or liver as a tissue MonoQ chromatography of ER lumenal proteins. The supernatant Although the purification described herein is devoted obtained from the detergent permeabilization step was loaded onto to the purification of GRP94, these procedures can be a MonoQ column and proteins were eluted using a 100-ml gradient readily adapted for the purification of the other resi-of 50 to 750 mM NaCl. The solid line indicates the absorbance of the eluent at 280 nm and the dashed line represents the NaCl concentradent lumenal proteins, such as BiP, PDI, ERp72, and the lumenal proteins. In many instances, purification as a soluble lumenal component (13) or in both a transmembrane and a soluble form (12, 14) . In protease protection studies of MOPC-315 cell homogenates, Lewis et al. (12) observed that, unlike the lumenal proteins ERp72 and calreticulin, GRP94 was susceptible to tryptic digestion in the absence of detergents and thus contained a substantial cytosolic domain. Additional protease protection experiments and surface iodination labeling experiments with microsomes isolated from HeLa cells have yielded similar results (14). As the cloning and sequencing of the murine GRP94 homologue revealed one putative transmembrane domain   FIG. 3 . Membrane topology of GRP94 in pancreatic rough micronear the N-terminus of the protein, an orientation was somes. RM were diluted 1:10 in 100 mM K-Bicine, pH 7.5 (A), 100 proposed for GRP94 in which residues 1-169 of the mM Na 2 CO 3 (B), 6 mM Big CHAPS (C), or 12 mM cholate (D). Determature protein are in the lumen of the ER, residues gents were in a buffer consisting of 0.25 M sucrose, 50 mM K-Hepes, Immunoblots of these fractions were performed for that GRP94 could be isolated from membrane fractions GRP94, the lumenal marker, PDI, and the membrane protein by mechanical disruption and, by immunogold analy-marker, TRAPa. sis, was dispersed throughout the ER lumen, indicating that it is a soluble, lumenal protein. To explain both sets of data it was proposed that GRP94 exists in both concentrations of the detergents Big CHAPS and cholate (Figs. 3C and 3D ). For both extraction conditions, soluble and integral membrane forms (14).
The described protocol for the purification of GRP94 GRP94 and PDI were observed to fractionate almost entirely in the supernatant fraction whereas TRAPa was designed to take advantage of a selective permeabilization step in which integral membrane proteins remained associated with the membranes. From these experiments, it can be concluded that GRP94 exists as are retained in the microsomes and a soluble lumenal protein fraction is released. As seen in Fig. 1 , GRP94 a soluble component of pancreatic rough microsomes.
It is uncertain why topology determinations of is present in the lumenal fraction (lane 4) and virtually absent in the depleted microsome fraction (lane 3). To GRP94 have yielded such conflicting conclusions. It is noteworthy, however, that when the topology is deterprovide further evidence that GRP94 behaves as a soluble, lumenal protein, rough microsomes were extracted mined in microsomes isolated from organ tissue, a lumenal disposition is reported ( Fig. 3; ref. 13 ), whereas and the membrane association of GRP94 was compared to both a resident ER integral membrane protein, in isolations from pulse-labeled tissue culture cells, a transmembrane orientation appears possible (12, 14) . TRAPa, and a soluble lumenal protein, PDI. Soluble and membrane-associated components were recovered The membrane topology proposed by Mazzarella and Green (3) is problematic in that it places the C-terminal by centrifugation over a sucrose cushion, separated on SDS-PAGE gels, transferred to nitrocellulose, and KDEL motif, known to function as an ER retention/ retrieval sequence for lumenal proteins, in the cytoscreened by immunoblotting with antibodies directed against GRP94, TRAPa, and PDI. As shown in Fig. 3A, palsm (11) . Similarly, it has been reported that Asn-196 is the acceptor site predominantly used by wildwhen RM were diluted in an isotonic buffer at physiological pH, GRP94, PDI, and TRAPa were found pre-type GRP94 (26) . If the postulated transmembrane orientation for GRP94 is correct, Asn-196 would also dominantly in the pellet (or membrane) fraction. The small amount of GRP94 and PDI found in the superna-reside in the cytosol and thus be inaccessible to the oligosaccharyl transferase. These objections notwithtant fraction is the consequence of a relatively minor degree of membrane lysis that accompanies the thaw-standing, it is unclear why in tissue culture cell-derived homogenates or microsomes, GRP94, unlike other ER ing of frozen RM prior to the experiment (C. Nicchitta, unpublished observations). Alkali extraction in a pH lumenal components, remains sensitive to impermeant probes such as proteases or lactoperoxidase. 11.5 buffer converts the vesicles to membrane sheets and effectively separates peripheral and lumenal proUpon close inspection of the purified protein on SDS-PAGE (Fig. 1, lane 6) , several closely migrating bands teins from integral membrane proteins (35). Under these conditions, GRP94 and PDI are recovered in the were observed. To investigate whether these were different forms of GRP94, or if a comigrating contaminant supernatant whereas TRAPa is completely retained in the pellet (Fig. 3B) . The distribution of GRP94 was also existed, the protein composition of the purified fraction was more clearly resolved on 7.5% gels. By Coomassie assayed following treatment of the RM with sublytic of additional oligosaccharides would increase the binding capacity of GRP94 for the lectin and thus the relative sensitivity to detection with Con A-HRP. Densitometric quantitation of the major species on Coomassie blue-stained gels indicates that the majority (95%) of the total native porcine GRP94 contains a single oligosaccharide and £5% is present in a nonglycosylated state.
To further study the observed heterogeneity and assess the oligomerization state of the native protein, purified GRP94 was analyzed by native gel electropho -FIG. 4 . Molecular heterogeneity of purified porcine GRP94. 1.5 mg resis. As depicted in Fig. 5 , three species of GRP94 can of purified GRP94 was treated in the presence or absence of EndoH be distinguished on native gels and are expected to for 3 h at 37ЊC. The reaction products were run in triplicate on 7.5% SDS-PAGE gels and either stained with Coomassie blue (A) represent the same differences in glycosylation menor transferred to nitrocellulose for detection with either a monoclonal tioned above. GRP94 has been reported to exist as a antibody directed against GRP94 (B) or horseradish peroxidase-condimer of disulfide bonded subunits (3, (24) (25) (26) . The mo- consistent with a dimer. To determine whether quaternary structure was maintained by covalent or noncovalent interactions, two-dimensional electrophoresis was performed with native purified GRP94. Samples were blue staining two bands were clearly visible (Fig. 4A) . Both bands reacted with the 9G10 anti-GRP94 mono-run under nonreducing conditions in tube gels, incubated in a reducing buffer, and overlaid on slab gels clonal antibody (Fig. 4B) . Upon longer exposures of the immunoblot, a third band, found just slightly above the for electrophoresis in the second dimension. Using this type of 2-D analysis, proteins that are either monomers slowest migrating band of the pair, was also detected (data not shown).
or nondisulfide bonded oligomers will migrate on a diagonal, as demonstrated with molecular weight markTo determine if the heterogeneity might be the result of differences in glycosylation, purified GRP94 was in-ers in Fig. 6A . In contrast, disulfide bonded oligomers will migrate off of the diagonal. The behavior of IgG cubated with endoglycosidase H (EndoH), an enzyme that cleaves high-mannose N-linked oligosaccharides. heavy chains is illustrated as a control (Fig. 6B) . IgG heavy chain migrated as a dimer of disulfide bonded As shown by Coomassie blue staining and immunoblotting (Figs. 4A and 4B), EndoH treatment resulted in a mobility shift of the most predominant form to that of the faster migrating band, which itself did not appear to be EndoH sensitive. Since the difference in relative mobility of these bands corresponds approximately to that of one oligosaccharide chain (1.5 kDa), it was postulated that the different forms represented monoglycosylated and nonglycosylated species, respectively. To explore this possibility, GRP94 was incubated in the presence or absence of EndoH, separated on 7.5% SDS-PAGE gels, and transferred to nitrocellulose, and glycosylated species were detected by HRP-conjugated Con A. Of the three bands identified thus far, only the fastest migrating species did not bind Con A and is therefore a nonglycosylated form of GRP94 (Fig. 3 , compare B and C). The two slower migrating bands were able to bind Con A and after EndoH treatment comigrated with the nonglycosylated GRP94. These bands FIG. 5 . Native gel electrophoresis of GRP94. 10 mg of purified likely represent mono-and multiglycosylated forms of GRP94 was run on a 5-10% nondenaturing gradient gel along with known standards and visualized by Coomassie blue staining. The GRP94. In the preparation depicted in Fig. 4 , the multi- noblotting, it is reasonable to expect that the presence
